SUMMARY
The ventilatory response to carbon dioxide was studied in 12 unpremedicated children, aged 20-68 months, weighing between 10 and 20 kg, under S a S S S S S 10.5-20 kg) and height 96 ±11.5 cm (range 77-111 cm) (table I). All patients were healthy, were taking no medication and had normal cardiopulmonary function. Parental consent was obtained before anaesthesia in each case after a full explanation. None of the children included in this study was premedicated. The study was performed either during the immediate preoperative stage (eight children) or during the postoperative period (four children) if no anaesthetic other than halothane and nitrous oxide had been used during the surgical procedure. In the four children in whom the study was carried out in the postoperative period, the surgical procedure (repair of hernia) lasted less than 15 min. Rectal temperature was monitored and maintained between 36.5 and 37.5 °C in all the children. ECG and arterial pressure were monitored continuously.
Anaesthesia was induced with oxygen and nitrous oxide in equal parts (Fi Oi 0.5) and 2-2.5 % halothane using an appropriate face mask and an open circuit with a non-rebreathing valve with a low opening pressure. Intubation of the trachea was performed without neuromuscular blockade under an appropriate inspired concentration of halothane with an uncufTed tracheal tube. After intubation, the inspired concentration of halothane was decreased to 0.5 % and the children allowed to breathe spontaneously. The same calibrated vaporizer was used for all the children (Fluotec III). The fresh gas flow was identical for all patients (oxygen 4 litre, nitrous oxide 4 litre) throughout the study and sufficient to avoid rebreathing (Lindhal, Hulse and Hatch, 1984) .
Tidal volume ( FT) was measured by electronic integration of the flow signal obtained from a Fleisch No. 0 heated pneumotachograph (internal volume 4.7 ml) connected to a Godart differential pressure transducer. The flow signal was calibrated with room air using the Godart gas-flow calibration set. The tidal volume signal was calibrated with room air using syringes of known volume before and after each study. The pneumotachograph was inserted between the non-rebreathing valve and the tracheal tube. Carbon dioxide in the expired gas (E' COt ) was monitored continuously by direct sampling from the intratracheal tube to a capnograph with automatic correction for nitrous oxide (Datex). The rate of sampling was 50 ml min"
1 . Flow and volume signals were recorded continuously on a twochannel Gould recorder.
After baseline ventilatory measurements had been obtained at a selected inspired concentration of halothane, carbon dioxide was added to the inspired gas mixture so as to produce a constant inspiratory carbon dioxide concentration of 2 % (controlled by the capnograph). This value was chosen in order to produce a moderate increase in PE' CO| in the physiological range. After 5 min at a given inspired carbon dioxide concentration, the patient was considered to be in a steady-state and measurements of ventilation were undertaken at this time, although in all patients the respiratory variables were stable within 2 min of achieving the desired inspired concentration of carbon dioxide.
The ventilatory response to carbon dioxide was studied at three increasing inspired concentrations of halothane: 0.5, 1 and 1.5%. Baseline values of FT and E' COt were not recorded until 10 min after each change in the inspired concentration of halothane in order to obtain a stable alveolar concentration of halothane ( fig. 1 ). After each study of carbon dioxide sensitivity, the added carbon dioxide was discontinued, before the inspired halothane concentration was increased. Finally, the inspired halothane concentration was decreased to 0.5 % for 15 min and the response to carbon dioxide assessed again. This last period (T 0 '), called "control period" was included for all of the children except one in order to determine any inter-patient variability and the eventual consequences of prolonged anaesthesia. The children were not stimulated in any way during the period of study.
At each inspired halothane concentration, the durations of inspiration (7i), expiration (TE) and total breathing cycle (7 t0t ) were measured from the flow signal by averaging 10 successive breaths.
The following respiratory variables were calculated: minute ventilation (FE) (ml min" 1 kg" 1 ), respiratory frequency (/), mean inspiratory flow 1199 (Fi) (ml min" 1 kg-1 ), effective inspiratory cycle (Ti/T tot ) and end-tidal carbon dioxide partial pressure (PE' CO ,) (kPa).
At each inspired halothane concentration, the slope of AVE/APE' COt (ml min" 1 kg-1 mm Hg" 1 ) was used to express the sensitivity to carbon dioxide.
Statistical evaluation of the data was by one-way analysis of variance between the four periods of the study. At each inspired halothane concentration, comparisons of mean values before and after the addition of carbon dioxide were obtained using the t test for paired samples. P values of 0.05 or less were regarded as significant. The values are expressed as mean ± standard error of the mean (SEM).
RESULTS
The mean values of PE' COt , FE, FT, /, Fi and Ti/ T tot for each inspired halothane concentration studied, before and after the addition of carbon dioxide, are shown in table II. There were no statistically significant differences (P > 0.5 for all variables) between the values recorded in the eight children studied before operation and those recorded in the postoperative period in four children (table I) . Before the addition of carbon dioxide, there was a significant decrease in FE when the inspired concentration of halothane was increased, attributable, in the main, to a significant decrease in FT. The mean inspiratory flow decreased significantly also. The increase in respiratory rate was significant between 1 and 1.5% inspired halothane and between 0.5 and 1.5%. Changes in PE'CO, were also related to changes in inspired halothane concentration. When compared with T°, the period T 0 ' was marked by a significant decrease in Ti/T 101 and an increase in ^E'CO,, although there were no significant changes in FE, FT or respiratory rate.
The mean results for the slope of the carbon dioxide response at increasing inspired halothane concentrations are shown in table II. There was a significant decrease in the slope as the inspired halothane concentration increased. The mean value for the slope at T 1 was 39% of the initial value at T° {P < 0.01) and 26 % at 7^ (P < 0.001). On the other hand, no statistical difference was observed in the slope when the initial and control periods, which were measured at the same inspired halothane concentration (0.5%), were compared. At each inspired halothane concentration, the values of the respiratory variables were compared 
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with the initial values before the addition of carbon dioxide. The addition of carbon dioxide produced a significant increase in -PE' COJ , and a significant increase in FE(P < 0.001 at each period) as a result of a significant increase in FT (P < 0.001 at each period), but the respiratory rate did not change significantly. Carbon dioxideproduced a significant increase in mean inspiratory flow (P < 0.001 at each period). Changes in FE, FT and Pi during exposure to 2 % carbon dioxide related to change m ^'co, are shown in figures 2, 3 and 4.
DISCUSSION

Effects of halothane on ventilation
The increases in inspired halothane concentration produced a significant decrease in VE, for the main part as a result of a marked decrease in FT. There was also a significant decrease in mean inspiratory flow and a significant increase in cot-Thus, the increase in the inspired halothane concentration produced, as previously reported in adults, a marked decrease in alveolar ventilation. The decreases in tidal volume and mean inspiratory flow seem to result from a central action of halothane as previously demonstrated by Ngai, Katz and Farhie (1965) . Significant changes in respiratory rate did not occur in children, but the decrease in tidal volume was more marked than in the adult; similar results were previously reported by Wilson and Harrison (1964) . The high chest-wall compliance in children produces a relative ineffectiveness of the ribcage in generating volume changes during anaesthesia (Nunn and Ezi-Ashi, 1961; Tusiewicz, Bryan and Froese 1977) . During the control period, there was a significant decrease in inspiratory duty cycle and a significant increase in PE' COI , when compared with the initial period. These changes may be the result of a direct effect of halothane on inspiratory muscles with progressive recovery (Nishino et al., 1984) .
Effects of halothane on ventilatory response to CO 2
Mean values for the slope of the carbon dioxide response at the initial period (halothane concentration 0.5%) were much lower than the values published for awake adults by Read (1967) and Knill and Gelb (1978) and for awake children by Chaussain and colleagues (1977) and Tusiewicz, Bryan and Froese (1977) . The mean slope in children weighing 25-56 kg and aged 8-15 yr, is 63 ml min" 1 kg" 1 mm Hg~l. Our values measured during the initial period were also lower than normal values reported by Davi and co-workers (1979) for unanaesthetized full-term neonates (45 ml min" 1 kg" 1 mm Hg" 1 ). Data concerning normal values of carbon dioxide response in young children are lacking but, using the information available, our results demonstrate that, during light general anaesthesia with nitrous oxide and 0.5 % halothane, sensitivity to carbon dioxide is decreased markedly.
When the inspired halothane concentration was increased, there was a significant decrease in the ventilatory response to carbon dioxide and the curves were shifted to the right. These results are in agreement with data in man previously published by Knill and Gelb (1978) . These authors reported that the ventilatory response to carbon dioxide was unchanged between the awake state and the inspiration of halothane at 0.1 MAC. At 1.1 MAC, the mean slope of the response to carbon dioxide was 38% of the awake slope; at 2 MAC, it was only 17% of the control value. Changes in carbon dioxide responsiveness at various depths of anaesthesia are caused by the direct effect of halothane on the central regulatory and integratory mechanisms (Ngai, Katz and Farhie, 1965) . In our study, when the inspired halothane concentration increased, the carbon dioxide response was markedly decreased, but not abolished. During halothane anaesthesia, the carbon dioxide response is not changed by hyperoxia (Duffin, Triscott and Whitwam, 1976; Knill and Gelb, 1978) which probably occurred during our study, in which children were breathing a constant mixture of 50 % oxygen. The MAC fraction of nitrous oxide is additive to the MAC fraction of halothane and the effects of nitrous oxide on the respiratory pattern of spontaneously breathing children during halothane anaesthesia have been reported recently by Wren and colleagues (1984) . Nitrous oxide produced decreases in VE, VT and an increase in PE' C O, without change in inspiratory rate, but had little effect on the ventilatory response to carbon dioxide (Hornbein et al\, 1969) . However, a mixture of nitrous oxide and oxygen is generally used during halothane anaesthesia and this study was essentially performed to assess real changes in the carbon dioxide response under general anaesthesia with nitrous oxide and halothane in children. The MAC value for halothane in children aged 2.5-6 yr is 0.91 (Gregory, Eger and Munson, 1969) . The MAC fractions obtained in our study during nitrous oxide-halothane anaesthesia were calculated as 0.8 at T°, 1.1 at T 1 and 1.4 at T ! -values which are used widely in current clinical practice.
At each inspired halothane concentration, the addition of carbon dioxide produced significant increases in both PE' COJ and VE. The increase in VE was the result of the increase in VT, as the respiratory rate did not change. In unanaesthetized infants aged between 2 weeks and 4 months, Haddad and co-workers (1980) found, as we did, an increase in tidal volume of up to 45 % and no change in respiratory frequency during the inhalation of 2% carbon dioxide. Inhalation of carbon dioxide also produced a marked increase in mean inspiratory flow, which reflected a more rapid increase in centrally generated respiratory activity, which tends to decrease Ti. In adult subjects anaesthetized with halothane, Higgs and Carli (1983) reported, as in our study, an increase in driving pressure and inspiratory flow. However, they have also shown, unlike us, an increase in respiratory rate in response to the increase in inspired carbon dioxide concentration.
The control period was studied in order to assess the individual variability in carbon dioxide response, and the effect of the duration of anaesthesia. The lack of significant change in the slope between the initial period and the control period (at the same inspired halothane concentration) is in agreement with that previously reported in 1965 by Brandstater, Eger and Edelist. These authors demonstrated that, in dogs at a constant alveolar halothane concentration, the ventilatory response to carbon dioxide remained essentially unchanged for up to 8 h and that a slight change in base line -PE' COJ did not affect this response.
The decrease in carbon dioxide sensitivity in children during nitrous oxide-halothane anaesthesia reported in this study, is an important reason for closely monitoring children under general anaesthesia so as to avoid any additional factors responsible for interference with the maintenance of adequate ventilation.
